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The modelling of RayleigheTaylor instability during premixed combustion scenarios is
presented. Experimental data obtained from experiments undertaken by FM Global using
their large-scale vented deflagration chamber was used to develop the modelling approach.
RayleigheTaylor instability is introduced as an additional time-dependent, combustion
enhancing, mechanism. It is demonstrated that prior to the addition of this mechanism the
LES deflagration model under-predicted the experimental pressure transients. It is
confirmed that the instability plays a significant role throughout the coherent deflagration
process. The addition of the mechanism led to the model more closely replicating the
pressure peak associated with the external deflagration.
Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.Introduction
The goal of this study is to understand the role of Ray-
leigheTaylor (RT) instability within the underlying physical
phenomena associated with coherent deflagrations.
Following from this, a Large Eddy Simulation (LES) modelling
approach, including a mechanism to account for RT insta-
bility, has been developed utilising the multi-phenomena
turbulent burning velocity model [1,2].
During the study [3] of a hydrogen-air deflagration in the
congested environment of a mock-up refuelling station [4], RT
instability was identified as being the most likely missing
mechanism which would, if implemented into the deflagra-
tion model, contribute to combustion enhancement in flame
front areas where there was significant flame front, jameskeenan@hotmail.
30
gy Publications, LLC. Publacceleration in the direction from combustion products to the
fresh mixture.
This extension of the model, to account for RT instability,
was then tested against appropriate experimental results [5].Validation experiments
The experiments as described by Bauwens et al. [5] were
performed using the FM Global 63.7 m3 large scale test
chamber, with a single square vent of 2.7m2 or 5.4m2. Ignition
occurred at either the centre of the backwall or at the centre of
the chamber, at a height of 1.5 m. Hydrogen concentration in
air was 18% by volume inside the chamber. Mixing fans
created a uniform mixture. Ignition was supplied using a
carbon rod igniter. Pressure-time histories were provided,co.uk (J.J. Keenan), dv.makarov@ulster.ac.uk (D.V. Makarov), v.
ished by Elsevier Ltd. All rights reserved.
Nomenclature
A Atwood number, e
c combustion progress variable, e
E expansion ratio, e
Acc acceleration, m/s2
h RT amplitude, m
kh constant multiplier, e
p pressure, Pa
Ro critical radius, m
S slanted side of cone length, m
S1, S2 surface area 1, 2, m
2
Sc progress variable source term, kg/m
3-s
Sceff effective Schmidt number, e
ST turbulent burning velocity, m/s
STx ;STy ;STz STcomponent: x, y, z
Su laminar burning velocity, m/s
Swu SGS wrinkled burning velocity, m/s
SXRT RT factor source term, 1/s
T temperature, K
u0 sub-grid scale velocity, m/s
Ux, Uy, Uz flow velocity component: x, y, z
x spatial coordinate, e
Y mass fraction, e
Greek
a constant coefficient, e
Dcv ignition CV size (equivalent radius), m
Dt timestep, s
Dtign Ignition time, s
ε thermokinetic index, e
l most unstable wavelength, m
m dynamic viscosity, Pa s
n kinematic viscosity, m2/s
Xf fractal term, e
XK self-induced turbulence term, e
Xlp leading point term, e
XRT RT instability term, e
r density, kg/m3
j model constant, e
u Perturbation growth rate, 1/s
Bars
 LES filtered quantity
w LES mass-weighted filtered quantity
Subscripts/Superscripts
a air
b burned
c source term, progress variable
eff effective
H2 hydrogen
i, j, k spatial coordinate indexes
T turbulent
t current timestep
u unburned
w wrinkling
t  Dt previous timestep
0 initial conditions
Abbreviations
CV control volume
LES Large eddy simulation
RNG renormalization group
RT RayleigheTaylor
SGS sub-grid scale
UDF user-defined function
UDS user-defined scalar
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(labelled as ‘Internal’ in subsequent pressure-time graphs).The model overview
The governing equations used during the simulations
describing the combustion of the premixed, initially quies-
cent, hydrogeneair mixture are obtained by filtering the
dimensional conservation equations of mass, momentum,
energy and species concentration and are published else-
where, e.g. Ref. [6].Premixed flame propagation modelling
The transport equation for the progress variable, which is
defined as the mass fraction of the products of combustion, is
applied for flame propagation tracking:
v
vt
ðr~cÞ þ v
vxj

r~uj~c
 ¼ v
vxj

meff
Sceff
v~c
vxj

þ Sc: (1)
The source term in the progress variable equation can be
written using the gradient method [7] as:Sc ¼ ruSTjgrad ~cj; (2)
where jgrad ~cj is the gradient of the progress variable. Using
this method the integral of the source term through the nu-
merical flame front thickness gives the same mass burning
rate per unit flame surface area, ruST, independent of the size
of cells in the numerical front. The molecular Prandtl number
and Schmidt numbers are both set to 0.7, reflecting the char-
acteristics for air. The effective viscosity, effective Prandtl
number and Schmidt number is calculated according to the
renormalization group (RNG) theory [8].
Due to the large scale, real world, experimental problems
investigated in this study, the effects of turbulence and
combustion instabilities, including RT instability, must be
modelled. This combustion model has been implemented
through the utilisation of an appropriate UDF. This capa-
bility is available within the solver employed, ANSYS Fluent
(13.0).
Multi-phenomena turbulent burning velocity model
The latest version of the multi-phenomena turbulent burning
velocity deflagration model is described in Ref. [1] and takes
into account various phenomena affecting the turbulent
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burning velocity [1] is written as:
ST ¼ Swu $expðu0=STÞ2 ¼

Su$XK$Xlp$Xf

$expðu0=STÞ2; (3)
where u0 is the SGS turbulent flow velocity [9]. Eq. (3) is a
modified form of Yakhot’s original equation [10]. The key step
in the development of this model is the substitution of the
laminar burning velocity term, Su, in Yakhot’s original equa-
tion with the sub-grid scale (SGS) wrinkled burning velocity,
Swu . This introduced term accounts for the unresolved phe-
nomena affecting burning rate at all SGS lengths. It should be
noted that Swu influences the total turbulent burning rate
through interaction with flow turbulence in the unburned
mixture, Eq. (3).
Within the mechanisms contained within Eq. (3), the
dependence of the laminar burning velocity on transient
pressure and temperature is taken into account following the
assumption of adiabatic compression/expansion. This re-
quires the calculation of the thermokinetic index which is
taken from Ref. [11], as ε ¼ 0.65. The characteristic radius at
which transition to the fully turbulent self-similar regime,R0,
occurs is set to 1 m [12]. The ‘ad-hoc’ parameter j contained
with the model (j < 1) is set to 0.5 following [13].
Mesh geometry, initial and boundary conditions and
numerical details
The calculation domain comprises a hemispherical area,
based on the FM Global large scale deflagration facility [5]. It
was meshed using an unstructured tetrahedral grid. The
smallest control volumes (CVs), with an average edge size of
0.1 m, were located inside the chamber and in the area sur-
rounding the vent. This clearly implies the requirement for
SGS modelling of unresolved combustion mechanisms. The
total number of CVs was around 106.
The boundary conditions applied were non-slip, non-
permeable, adiabatic conditions on all walls and ground sur-
faces. At the outer edge, non-reflecting pressure far-field
boundary conditions, as implemented by ANSYS Fluent
based on Riemann invariants, were applied. An unrestricted
open vent was used.
The flammable mixture was initially contained inside the
chamber. Air was located in the remaining area. Pressure was
atmospheric. Initial temperature was 295 K. The initial value
of the progress variable was c ¼ 0. Inside the chamber
YH2 ¼ 0:015 (corresponding to 18% of hydrogen by volume)Fig. 1 e Comparison between experiment and former model sim
ignition case, 5.4 m2 vent (centre); and back wall ignition case,and Ya ¼ 0.985. Combustion was initiated by slowly increasing
the progress variable in one CV. Duration of ignition was
assumed to be equal to the flame propagation time from the
centre to the edge of the ignition CV: Dtign ¼ 1/2$(Dcv/Su$E).
The governing equations were solved by employing a
second-order accurate upwind scheme for convection terms.
Following authors’ experience the reduction of discretization
scheme from 2nd order to 1st order resulted in a significant
decrease of combustion rate and an underestimation of
pressure peaks. Diffusion terms were central-differenced and
second-order accurate. The progress variable and energy
source terms were solved within the UDF. An explicit scheme
was used for time stepping, the CouranteFriedrichseLewy
(CFL) number was set to 0.8.Simulation results prior to the inclusion of the
RayleigheTaylor instability
The simulation results shown in Fig. 1 were obtained using the
multi-phenomena turbulent burning velocitymodel described
by Eq. (3), termed as the ‘former’model results. Also plotted on
Fig. 1 are the experimental internal pressure dynamics [5].
When considering the central ignition cases, the former
model failed to satisfactorily reproduce the experimental
pressure dynamics [5]. However the model did show general
agreement with themaximumpressures and general shape of
the experimental results, when considering the back wall
ignition case. It is clear from these results that the first distinct
pressure peak has not been reproduced.
From the literature, including [14], the first pressure peak
can be said to be caused by the external deflagration, created
by the flame front emerging from the vent and propagating
through the unburned highly turbulent hydrogeneair mixture
which had been previously expelled from the chamber. In
order for the external deflagration to have a significant influ-
ence on the internal pressure dynamics, the pressure gener-
ated externally must be comparable to or above the internal
pressure. Such a pressure increase externally will reduce the
pressure difference across the vent, thereby reducing venting
efficiency [1,15]. This blocking of the outflow will cause the
internal pressure to increase. Following the dissipation of the
external pressure, inside the chamber the pressure will be
released, generating the pressure peak. In some cases it was
reported that the external deflagration can be the dominant
influence on the internal pressure [16]. The authors of [5]
stated (following private communication) that during theulations, central ignition case, 2.7 m2 vent (left); central
5.4 m2 vent (right).
Fig. 2 e Former model internal and external pressure dynamics, central ignition case, 2.7 m2 vent (left); central ignition case,
5.4 m2 vent (centre); and back wall ignition case, 5.4 m2 vent (right).
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with the internal pressure. As shown in Fig. 2 the external
pressures from the former model did not reach such levels.
This under-prediction was attributed to the absence of a
combustion enhancing mechanism causing the intensifica-
tion of the external deflagration.Fig. 3 e Simplified shape of an RT perturbed element of the
flame front.Modelling of RayleigheTaylor instability
The influence of RayleigheTaylor (RT) instability during ven-
ted deflagrations has been investigated by a number of au-
thors. Additionally, Rayleigh’s criterion has been applied to
actively control combustion instabilities in propulsion sys-
tems [17]. The growth of this instability has been found to
occur most prominently as the flame accelerates through the
vent [18] and also close to the vent following the expulsion of
the hot combustion gases [19]. Additionally, following au-
thors’ previous work [3], the flow conditions required for the
growth of RT instability were identified following the appli-
cation of the former model to analyse the experiments
described in Ref. [4]. This result provided the basis for the in-
clusion of RT instability during the simulation of the present
vented deflagration scenarios.
Time-dependent RT instability model
RayleigheTaylor instability was first described by Lord Ray-
leigh [20] and by Sir G. Taylor [21]. It occurs at the interface
between two fluids of different densities, subjected to accel-
eration in the direction from the lighter to the heavier. Ac-
celerations in the flow, as described by Zeldovich et al. [22],
may vary periodically in magnitude and sign and as such can
have a stabilizing and destabilizing effect on the flame front.
Additionally, following the experimental observations
described in Ref. [18] it has been assumed that the flame front
takes on a needle-like structure when the RT instability be-
comes dominant. The RT instability factor, Fig. 3, will take the
form of the ratio between the surface areas of the slanted side
of this conic shape, S1, and the flat circular base, S2.
The growth of the amplitude of the perturbation is
described according to ht ¼ htDt$eut [22]. The amplitude of the
perturbation will increase if acceleration is in the direction
from lighter to heavier. Acceleration calculated for use within
the introduced RT model is defined as flow acceleration in the
direction normal to the flame front. Annihilation of the flamesurface at cusps [15], termed the ‘sink’, as well as a reduction
in the amplitude if acceleration occurs in the opposite direc-
tion controls the reduction of the RT wrinkling factor. The
equation describing this growth and removal of the RT
amplitude can be written as:
ht ¼ htDtð1þ ut$DtÞ  a$ST;tðXRT;t  1ÞDt: (4)
Wavelength and growth rate, as defined in Eqs. (5) and (7),
are both dependent on acceleration, therefore for a particular
value of acceleration there is a specific, corresponding, ‘most
unstable’ wavelength [23]. From Ref. [23] wavelength is
calculated according to:
lt ¼ 4$p$
 
n2T;t
Acct$At
!1=3
; (5)
where Atwood number, A, defined as the dimensionless
density ratio is calculated using Eq. (6):
At ¼

ru;t  rb;t

ru;t þ rb;t

; ru > rb: (6)
Growth rate is calculated using the classical equation
outlined by many authors. Following substitution of Eq. (5)
into the growth rate equation from Ref. [24], growth rate is
written as:
ut ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
At$
2$p
lt
$Acct
s
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðAt$AcctÞ4=3
2$n2=3T;t
vuut : (7)
To take into account the change in acceleration, the
amplitude at each timestep is re-scaled according to the value
of wavelength (Eq. (5)) at the current and previous timestep.
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updated amplitude described by Eq. (4). Eq. (4) contains an
empirical coefficient, a, associated with the ‘sink’ term, this
coefficient is of the order of 1.0 and following parametric
analysis is set to 0.75. The final term that should be considered
is a suitable value of the initial perturbation amplitude, which
is calculated as a percentage of the wavelength following [25]:
h0;t ¼ kh  lt; (8)
The key area of interest is the influence that the intro-
duction of RT instability has on the intensity of the external
deflagration. The instability itself is known to occur most
prominently as the flame accelerates through the vent and
also close to the vent following the expulsion of the hot
combustion gases. Therefore in these areas, inside the
chamber as the flame front begins to accelerate towards the
vent and in the area outside the chamber surrounding the
vent, the introduced RT mechanism is allowed to grow. In
the remaining chamber volume kh is set to 0.001 in order to
limit the growth of the RT perturbation. Following the
calculation of the initial amplitude, within the flame front,
amplitude is subsequently calculated according to Eq. (4).
The values of kh and a selected during the simulations are
provided in Table 1.
It should be noted that setting the value of kh to 0.5 (or
0.75) will lead to an increase in the minimum value of ST in
the area where the introduced RT mechanism is allowed to
grow. The selection of kh by the inverse problemmethod can
be viewed as providing an adequate baseline from which the
growth of the RT instability can occur. This was confirmed
during model testing where the value of the XRT parameter
was set and locked to 1.80 (corresponding to kh ¼ 0.75), and
produced no noticeable difference in the recorded internal
pressures.
Following an analysis of this procedure growth in the value
of XRT , from the set minimum baseline value, was found to
be reliant on and only encountered in areas where there was a
sufficiently high concentration of acceleration in the unstable
direction. For example, when considering the central ignition
case with the 2.7 m2 vent, the flame reached and had signifi-
cantly propagated into the area where kh has been seen to 0.75
prior to the production of the largest values of XRT at
t ¼ 0.1735 s, as shown in Fig. 6.
Finally, the transport equation for the RT wrinkling
factor, XRT is written as:
vXRT
vt
þ Ui þ ST;i vXRT
vxi
¼ SXRT : (9)
It should be noted that Eq. (9) is similar to the transport
equation derived in Ref. [26].Table 1 e Parameters specified within each simulation.
Simulation number Experimental setup
Insid
Vent size, m2 Ignition kh
1 2.7 Centre 0.001
2 5.4 Centre
3 5.4 Back wallThe unsteady term, is defined as:
vXRT
vt
¼ XRTðnewÞ  XRTðpreviousÞ
Dt
: (10)
The convection term, is defined as:

Ui þ ST;i
 vXRT
vxi
¼ ðUx þ ST;xÞ vXRT
vx
þ Uy þ ST;y vXRT
vy
þ ðUz
þ ST;zÞ vXRT
vz
: (11)
As the source term in the transport equation to solve for
XRT (Eq. (9)) should describe the generation and suppression
of the RTwrinkling factor at the flame front, within a given CV
over time, the equation describing the source term is written
in our model as:
SXRT ¼
d XRT
d h
$
d h
dt
; (12)
where dXRT=dh ¼ 2$ht=lt
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðlt=2Þ2 þ h2t
q
and dh/
dt ¼ ht$ut  a$ST,t(XRT,t  1).
It is worth stating that the authors of [5] have also devel-
oped their own in house CFD model to account for RT insta-
bility. Both these models solve an additional transport
equation for the flame surface wrinkling due to RT instability,
XRT and utilise the same equation describing amplitude
growth, as defined in Ref. [22]. However, the model described
in Ref. [5] assumes that the amplitude of wrinkling is much
smaller than a quarter wavelength [15], whereas the model
described in this paper is based on the experimental obser-
vations outlined in Ref. [18] and as such allows amplitude to
grow larger than wavelength. Also, in Ref. [5] the model as-
sumes a constant value for wavenumber, and subsequently
wavelength, whereas wavelength is calculated as per Eq. (5) in
the model described in this paper and ultimately depends on
acceleration.
Simulation results following inclusion of the RT instability
model
Fig. 4 demonstrates that, following the introduction of the RT
instability mechanism to the model, the simulation results
have improved. In the 5.4 m2 vent cases the magnitude of the
internal pressure peak associated with the external deflagra-
tion has been more closely replicated.
Internal pressure dynamics
The general shape of the pressure-time curves produced from
Simulation 2 and Simulation 3 agree quite closely with the
experimental results. In Simulation 2 and Simulation 3, the
sharp pressure increase associated with the external defla
gration has now been reproduced. Additionally in Simulation 2,Location
e chamber Approaching vent & outside chamber
a kh a
0.75 0.5 0.75
Fig. 4 e Comparison between experiment and RT model simulations, central ignition case, 2.7 m2 vent (left); central ignition
case, 5.4 m2 vent (centre); and back wall ignition case, 5.4 m2 vent (right).
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 2 0 4 6 7e2 0 4 7 320472followingthispeak, thedecrease inpressuretonearatmospheric
levels has been replicated. In Simulation 1 the internal pressure
peak associated with the external deflagration is more visibly
reproduced. However the simulation significantly over-predicts
the internal chamber pressure prior to the second pressure
peak. It isworthnoting that thesecondpeak ismainlyassociated
with the acoustic instability related to the chamber parameters,
its reproduction is beyond the scope of this preliminary study.
The influenceontheintensityof theexternaldeflagration,due to
the addition of the RTmodel, can be seen in Fig. 5.
External pressure dynamics
As the flame exits the vent it accelerates the colder un-
burned hydrogen/air mixture, leading to the observed in-
crease in XRT . This increase in XRT in the area
surrounding the vent leads to an increase in flame surfaceFig. 5 e RT model internal and external pressure dynamics, cen
5.4 m2 vent (centre); and back wall ignition case, 5.4 m2 vent (r
Fig. 6 e Central ignition case, 2.7 m2 vent, kh [ 0.75 approachin
experiment & RT model (left); and internal & external pressurearea and ultimately the creation of the sharp external
pressure peaks shown in Fig. 5.
The results shown in Figs. 4 and 5 obtained from Simula-
tion 1 indicate that the addition of the RT model has not had
the desired influence on the magnitude of the external defla-
gration. As such an additional simulation has been under-
taken to investigate the influence of increasing the value of kh
from 0.5 to 0.75. The results from this simulation are shown in
Fig. 6. All other parameters have been kept constant.
Internal and external pressure dynamics
The increase in kh during this simulation has led to an in-
crease in the magnitude of the external deflagration, which in
turn has led to a more pronounced internal pressure peak.
Overall this has led to closer agreement with the experimental
results.tral ignition case, 2.7 m2 vent (left); central ignition case,
ight).
g the vent & outside chamber: comparison between
from RT model simulation (right).
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external pressure was less than the internal pressure.
Following the introduction of the RTmodel the intensity of the
external deflagration has increased, decreasing the efficiency
of the venting process. Overall, this resulted in the simulated
pressure-time curves coming into closer agreement with their
corresponding experimental observations.Conclusions
RayleigheTaylor instability was identified as playing a major
role in pressure build-up during the external deflagration
encountered within large scale scenarios. A model repre-
senting this instability has been developed and added to the
multi-phenomena turbulent burning velocity deflagration
model. The influence of this mechanism was limited to the
external deflagration only. This updated model was then
tested against the pressure-time history data obtained from
large scale experiments undertaken by FM Global.
Themodel has been implemented in the form of a separate
transport equation for the XRT wrinkling factor, containing
source and sink terms developed based on phenomenological
considerations of RayleigheTaylor instability. Following the
addition of this mechanism the intensity of the external
deflagration was substantially increased. This had a signifi-
cant influence on the internal pressure dynamics. The
increased intensity of the external deflagration caused a
decrease in the efficiency of the venting process, leading to an
increase in the internal pressure. Following the fast dissipa-
tion of the external premixed combustion, the high pressure
inside the chamber could be more efficiently vented. This
process, now more closely captured, recreated the experi-
mentally observed first pressure peak recorded during each
experiment analysed.
The introduction of RT instability into the multi-
phenomena turbulent burning velocity deflagration model
led to closer agreement between the simulated and experi-
mental results. The addition of this mechanism was required
in order to capture the main features and pressure transients
associated with the coherent deflagrations that occurred.
Therefore when considering the modelling of large scale
vented deflagration scenarios, RT instability must be included
as an SGS premixed combustion sub-model.r e f e r e n c e s
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